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Abstract 
 
We report the synthesis and characterisation of new examples of meso-hydroxynickel(II) porphyrins 
with 5,15-diphenyl and 10-phenyl-5,15-diphenyl/diaryl substitution. The OH group was introduced 
with carbonate or hydroxide as nucleophile, using palladium/phosphine catalysis. NiPorOHs exist in 
solution in equilibrium with the corresponding oxy radicals NiPor–O. The 15-phenyl group stabilises 
the radicals, so that the 
1
H NMR spectra of “NiPorOH” are extremely broad due to chemical 
exchange with the paramagnetic species. The radical concentration for the diphenylporphyrin 
analogue is only ~1%, and its NMR line-broadening was able to be studied by variable-temperature 
NMR spectroscopy. The EPR signals of NiPor–O are consistent with somewhat delocalised 
porphyrinyloxy radicals, and the spin distributions calculated by Density Functional Theory match 
the EPR and NMR spectroscopic observations. Nickel(II) meso-hydroxy-10,20-diphenylporphyrin 
was oxidatively coupled to a dioxo-terminated porphodimethene dyad, whose strongly red-shifted 
electronic spectrum was successfully modelled by Time-Dependent DFT calculations. 
 
 
 
Introduction 
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meso-Hydroxyporphyrins have been known since the 1960s,
1
 but have largely been ignored in the 
porphyrin literature in recent years. The indirect hydroxylation using thallium(III) salts remains the 
major reported method for introducing a meso-hydroxy functional group.
2
 Other methods have been 
developed: for example, the nucleophilic substitution of the meso-nitro group by the sodium salt of E-
benzaldoxime.
3
 There was a flurry of activity regarding these species in the 1990s in view of the 
discovery of their relevance to the heme catabolism pathways,
4
 and this topic is still being 
investigated.
5
 Free base meso-hydroxyporphyrins (1), the macrocyclic tetrapyrrole analogues of 
phenols, have a keto tautomer referred to as “oxophlorin” (2) (Scheme 1). Thus neutral metal 
complexes can be formed with M(II) ions in the –OH form, and M(III) ions in the =O form.6 Various 
hydroxyporphyrin/oxophlorin metal complexes, mainly derived from 2,3,7,8,12,13,17,18-
octaethylporphyrin (H2OEP), were studied extensively, mainly by Balch and co-workers.
4
 The major 
metal ions that are represented are nickel(II) and iron(III), although metals such as zinc(II),
7
 
indium(III),
8
 cobalt(II)/(III)
9
 and copper(II)
10
 have also been reported. It was recorded very early in 
the history of hydroxyporphyrins/oxophlorins that 
1
H NMR spectra either could not be observed at all 
or were extremely broad, and the samples exhibited an EPR signal.
11,12
 This was initially explained 
by a singlet/triplet spin equilibrium.
11
 Fuhrhop and co-workers argued from their data that it was in 
fact due to a facile partial autooxidation of the free base oxophlorin with loss of a proton, leading to 
the corresponding oxy radical, e.g. Ni4, in samples of Ni(II) hydroxyporphyrins such as 5-
hydroxyNiOEP Ni3.
12b
 The proportion of radical diminished reversibly upon cooling/heating the 
solutions. Balch and co-workers studied the oxidation chemistry of these systems extensively, and 
indeed determined the X-ray crystal structures of both Ni4(py)2
4j
 and Zn4(py)
7
 radicals. 
 
Despite these many studies of hydroxylated octaalkylporphyrinato species, reports of metal 
complexes of meso-hydroxyporphyrins derived from porphyrins that are unsubstituted at the eight 
peripheral  carbons and have one or more free meso carbons, are rare. In 2002, Latos-Grażyński and 
co-workers reported the oxidation of an iron(II) complex of TriPP, namely [Fe(TriPP)(py)2], to 
paramagnetic 5-oxo-10,15,20-triphenylphlorinatoiron(III) with coordinated d5-pyridine ligands.
4g
 In 
2014, Lucas and co-workers reported the formation of a 5-hydroxytriarylporphyrin nickel(II) 
complex by anodic nucleophilic substitution of a nickel(II) triarylporphyrin; they also noted the 
difficulty of obtaining a 
1
H NMR signal due to the presence of the oxy radical.
13
 Sugiura and co-
workers recently reported free base meso-hydroxyporphyrins derived from 5,15-bis(3,5-di-t-
butylphenyl)porphyrin (H2DAP); these were prepared by oxidation of the free base with PhI(OAc)2 in 
hot propanoic acid, followed by basic hydrolysis of the propanoate esters.
14
 While not closely 
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relevant to our work on Ni(II) tetrapyrrole complexes, the recent report by Osuka and co-workers on 
meso-hydroxysubporphyrin (i.e. tripyrrolic) boron complexes is worth noting. The authors were able 
to isolate and fully characterise the remarkably stable oxy free radical derived by autooxidation of a 
meso-hydroxy species with an axial phenyl group on the central B(III) atom.
15
 
 
Our interest in hydroxyporphyrins arose from the serendipitous discovery of a new route to -
unsubstituted meso-hydroxyporphyrins. The substrates involved in the present work are 5,10-
diphenylporphyrin (H2DPP, H25), 5,10,15-triphenylporphyrin (H2TriPP, H26), and 10-(3,5-di-t-
butylphenyl)-5,15-diphenylporphyrin (H2DAPP, H27) (Scheme 2). The major advantage of 
porphyrins with this substitution pattern is their amenability to meso-halogenation and subsequent 
metal-catalysed coupling chemistry or nucleophilic substitution.
16
 During our research into 
azoporphyrins, we were attempting to couple 5-bromoTriPP (H28) and its Ni(II) and Zn(II) 
complexes with substituted hydrazines. With alkoxycarbonylhydrazines (alkyl carbazates), 
diamination is followed by partial autooxidation, leading to dearomatisation of the macrocycle, and 
formation of 5,10- or 5,15-“diiminoporphodimethenes”, from 5,10- and 5,15-dibromoporphyrins, 
respectively.
17
 In contrast, when hydrazine sulfate was used as the N-nucleophile with Ni8, three new 
products were isolated and characterised crystallographically, namely 5-aminoNiTriPP (Ni9), and the 
previously unknown 5-hydroxyNiTriPP (Ni10) and bis(NiTriPP)NH (11) (Scheme 2). These 
compounds were reported in our preliminary communication in 2006.
18
 
1
H NMR spectra in CDCl3 
solution and EPR spectra confirmed the presence of the corresponding oxy radical,
17c
 but no further 
investigations into the radicals were performed at that time. 
 
Further study of the formation of Ni10 revealed that the cesium carbonate used as the base in the 
Buchwald-Hartwig chemistry was the source of the hydroxide nucleophile.
17c
 We now report in full 
our investigations of Pd-catalysed pathways to prepare Ni10 and analogous nickel(II) meso-
hydroxyporphyrins, namely 5-hydroxyNiDPP Ni12 and 5-hydroxyNiDAPP Ni13 (Scheme 2), NMR 
and EPR spectroscopic properties of Ni(II) complexes of this poorly known class of 
hydroxyporphyrins, and Density Functional Theory (DFT) calculations of spin delocalisation in the 
associated oxy radicals. In addition, we discovered a new dinickel(II) dioxoporphodimethene dyad 
with a highly red-shifted absorption band at 791 nm, and carried out Time-Dependent (TD)-DFT 
calculations on this novel dearomatised diporphyrin, obtaining excellent agreement between the 
experimental and predicted electronic absorption spectra. 
 
Results 
 4 
 
Synthesis 
 
When NiTriPPBr Ni8 was combined with hydrazine sulfate in a molar ratio of 2:1 under Pd-catalysis 
with rac-2,2-bis(diphenylphosphino)-1,1’-binaphthyl (rac-BINAP) as the ancillary ligand, the three 
novel products Ni9, 11 and Ni10 were identified, along with the debrominated NiTriPP Ni6.
17c,18
 No 
porphyrinoids with N–N bonds were identified. Conditions were subsequently optimised for the 
preparation of the 1° and 2° amines.
17c
 In order to ascertain the origin of the hydroxyporphyrin from 
the combination of excess bromoporphyrin with hydrazine sulfate, several control experiments were 
performed. The reaction was carried out in a sealed Schlenk flask filled with air, and this resulted in 
the formation of the hydroxyporphyrin as the major product, conceivably through a Pd-mediated 
oxidation of a meso-porphyrinylhydrazine. The process was repeated with rigorous drying of the 
reagents, and thorough degassing of the solvent, but this too resulted in the formation of the 
hydroxyporphyrin. To determine whether the formation of the hydroxyporphyrin required the 
presence of the hydrazine salt, the latter was omitted from the reaction. The NiTriPPBr starting 
material was combined with only the catalyst precursors and base under the usual reaction conditions. 
The mixture was heated and stirred for 4.5 days, and remarkably the hydroxyporphyrin Ni10 was 
formed selectively and was isolated and recrystallised to achieve a 79% yield in the best result. Use 
of bis(2-diphenylphosphinophenyl)ether (DPEphos) instead of BINAP with NiDPPBr led to, at best, 
moderate yields of NiDPPOH Ni12. Column chromatography of this compound was always 
problematic, as it streaks severely on silica gel in various solvents and solvent mixtures. 
 
Although this method using cesium carbonate is a satisfactory synthetic route to Ni10, we also 
explored the use of hydroxide as the nucleophile in the Pd-catalysed hydroxylation. This required 
modification of the conditions, and we settled on the use of 1,4-dioxane/water in a 50:1 ratio, using 
KOH in ten-fold excess. Heating of the reaction mixtures at 100°C for 48 hours consumed most of 
the respective bromoporphyrin starting materials and the hydroxyporphyrins Ni10, Ni12, and 
NiDAPPOH Ni13 were isolated and purified in yields of 40-60%. The respective debrominated 
starting materials, i.e. Ni6, Ni5, or Ni7, were identified among the side products. 
 
We were interested in seeing if this chemistry could be extended to complexes of other M(II) ions 
and the free base bromoporphyrins; in the latter, the oxophlorin tautomer (2) would be expected 
(from the early literature) to be the dominant form. Unfortunately, we have had no definitive success 
in the former experiments so far. The zinc(II) bromoporphyrins Zn8 and Zn14 produced several 
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products, but none of these was able to be identified reliably as Zn10 or Zn12, respectively. Likewise 
H28 reacted very slowly in the presence of Pd(OAc)2/BINAP/Cs2CO3, with or without hydrazine 
sulfate. Numerous blue, green, red and purple polar pigments were formed, but only one of these was 
isolated in sufficient yield to allow characterisation by 1D and 2D 
1
H NMR spectroscopy, as well as 
accurate mass measurement. This deep blue compound was isolated in ca. 15% yield, and the spectra 
(see below) support the premise that it is the 10H-isooxophlorin 15c (Scheme 3). The reaction when 
using DPEphos instead of BINAP likewise was very slow and produced a multitude of polar 
pigments that we have not investigated further. 
 
Chemical and spectroscopic characterisation of the hydroxyporphyrins 
 
In the case of the triarylporphyrin derivatives Ni10 and Ni13,
 1
H NMR spectra recorded at room 
temperature in CDCl3 (and in acetone-d6 or toluene-d8 solutions for Ni10) are extremely broad 
(Figure 1 and Supporting Information). NiDPPOH Ni12 gives a somewhat more encouraging 
spectrum under these conditions, suggesting slightly different properties, which are elaborated below. 
Figure 1 displays the spectra obtained for Ni10 under various conditions. Figure 1a shows the 
spectrum of Ni10 as usually obtained in CDCl3 at room temperature. As this sample was crystallised 
and its X-ray crystal structure was readily obtained, as reported in our preliminary communication,
18
 
there is no doubt of the constitution of the compound. The severe broadening is due to the presence in 
solution of the corresponding oxy radical NiTriPP–O (see Discussion). When a small amount of 
aqueous hydrazine is added to CDCl3 solutions of Ni10 and the sample is shaken and left standing to 
allow the aqueous layer to separate, the spectra sharpen markedly, such that the essential features of 
the 
1H NMR spectrum of a “normal” 5-substituted Ni(II) porphyrin are revealed (Figure 1b). The 
other triarylporphyrin complex NiDAPPOH Ni13 gives a very similar result to that of Ni10, and its 
NMR spectra are provided in the Supporting Information. Raising the temperature to 313K in the 
presence of hydrazine causes further sharpening of the signals of Ni10 (Figure 1c). When the 
hydrazine is (largely) removed from the CDCl3 solution by repeated extraction with water, the 
spectrum again becomes very broad (Figure 1d), and is similar to, but not as broad as, the original in 
Figure 1a. The temperature dependence of the spectrum in the absence of hydrazine is shown in 
Figures 1e and 1f (cooling to 218K, heating to 328K; returning to room temperature confirmed the 
integrity of the compound by comparison with the original spectrum in Figure 1a). Lowering or 
raising the temperature in the absence of hydrazine appears to have almost no effect on the linewidths 
of the signals in the case of Ni10. Under the amplification required to observe the broad peaks of 
Ni10, a very minor NiTriPPX contaminant is apparent, and the chemical shifts of its -pyrrole 
 6 
protons are consistent with those of NiTriPPNH2 Ni9; its presence is not unexpected as this sample 
was made by Pd-catalysed reaction in the presence of hydrazine sulfate.
17c,18
 
 
Figures 1g and h show the region on the lower frequency side of the CHCl3 solvent signal. The broad 
signal, whose linewidth varies with temperature, appears to be due to the OH proton, as a signal 
appears in this region for all three hydroxy derivatives, Ni10, Ni12, and Ni13. In the case of 
NiDPPOH Ni12, a sample in CDCl3 was shaken with D2O, and this peak was no longer observed. (In 
the presence of hydrazine hydrate, the OH signals are not observed due to exchange with N2H4 and 
water.) Apart from this similarity, the NMR properties of the diphenylporphyrin example, Ni12, are 
considerably different from those of the triarylporphyrin hydroxy complexes Ni10 and Ni13. The 
spectrum of Ni12 in the absence of hydrazine is sharper, even at room temperature, than that of Ni10: 
the phenyl proton signals and two of the signals due to the -pyrrole protons are observed in the usual 
positions, although the latter two are very broad (Figure 2, top). In contrast to the behaviour of Ni10 
shown in Figures 1a and 1e, lowering the temperature sharpens the signals of Ni12 markedly. A 
selection of spectra representing the temperature dependence is shown in Figure 2, and the effect of 
hydrazine hydrate is also shown in Figure 2 (bottom). A complete set of variable temperature results 
is provided in the Supporting Information. As in the case of Ni10, some minor unknown porphyrin 
impurities are present, whose importance is exaggerated by their narrow signals, in comparison with 
the very broad ones representing Ni12. Interestingly, the spectrum in the presence of hydrazine has a 
different distribution of chemical shifts, in that all four pairs of -pyrrole protons resonate at higher 
frequency compared with their positions in the absence of the reductant, while the signal for the meso 
proton moves 0.22 ppm to lower frequency. 
 
The 
1
H NMR spectrum of the free base hydroxyporphyrin (actually the previously unknown 
porphyrinoid structure, the isooxophlorin 15c, see Discussion) is very sharp. An expansion of the 
spectrum recorded in CD2Cl2 solution (to avoid overlap of the residual CHCl3 resonance and its 
13
C 
satellites with the phenyl proton signals) is shown in Figure 3. The chemical shifts of the peripheral  
protons, which appear as eight separate signals in the region 6-7.2 ppm, indicate the absence of 
porphyrinic aromaticity in the molecule. Four of these signals are double doublets, and four are 
doublets. The coupling constants observed in all signals of ca. 4.5 Hz identify these as  couplings 
between adjacent protons. The other J values of ca. 2.5 Hz, are those between the  hydrogens and 
the NH protons on two of the rings. The NH signals themselves appear at much higher frequencies of 
13.34 and 12.58 ppm, emphasising the non-aromatic nature of the macrocycle. The complete 
assignment follows from the 2D COSY and NOESY spectra and the correlations thus established are 
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shown on the structure in Figure 3. The solitary 10-CH resonates as a singlet at 3.12 ppm, and shows 
clear dipolar coupling to the adjacent  protons. 
 
The electronic absorption spectrum of 15c is also fully in agreement with a “dearomatised 
porphyrinoid”, having a broad visible band peaking at 624 nm and a double “Soret” band blue-shifted 
to 358 and 374 nm, although we were unable to obtain a spectrum without at least some porphyrin-
like Soret band being present at 417 nm (Supporting Information, Figure S1). The extinction 
coefficients of compounds such as 15c are much lower than those of a typical porphyrin; a minor 
porphyrin impurity could still give rise to a significant absorption in this region. 
 
In the early days of studies of meso-hydroxyporphyrins, Smith and co-workers
2b
 and Crossley et al.
3
 
used acetylation as a means of protecting the meso-hydroxy group, and hence eliminated the 
problems of the paramagnetism, allowing clear NMR characterisation. We treated Ni10 and Ni12 
with acetic anhydride and pyridine, and the corresponding acetates Ni16 and Ni17 (Scheme 2) were 
readily purified and characterised. This reaction was readily reversed by treatment of the acetate Ni17 
with methanolic sodium hydroxide; the reaction mixture rapidly changed from red to green, 
indicating the formation of the aryloxide anion (see below), and neutralisation regenerated the 
hydroxyporphyrin Ni12. In addition, it is common for oxy free radicals to be characterised indirectly 
by capture of methyl radicals generated by the Fenton reagent (H2O2/FeSO4) in the presence of 
DMSO.
19,20
 Therefore we tried this trapping reaction with Ni10, and isolated from the product 
mixture two meso-substituted porphyrin complexes, the less polar of which was readily assigned from 
its 
1
H NMR and high resolution mass spectra as the desired “methyl-trapped” product 5-
methoxyNiTriPP Ni18. The mass spectrum of another more polar product fitted the formula 
C39H26N4NiO3S; its 
1
H NMR spectrum could correspond to either NiTriPP–OS(O)OCH3 or NiTriPP–
OS(O)2CH3, and it presumably arose from oxidative capture of a fragment derived from DMSO. 
 
X-band EPR spectra for Ni12 and Ni13 at room temperature consist of a symmetrical line (ΔBpp = 0.5 
mT) with only one signal centred at g = 2.00 without hyperfine structure (Supporting Information, 
Figure S2). Spin quantification shows a remarkable difference in radical concentration between the 
two compounds. The results imply about 87% of radicals in solution for Ni13. By contrast, for Ni12 
only 1% is present as radical in solution. As the radical concentration was very low for Ni12, we 
concentrated our efforts on Ni13 to study its electronic structure using pulse EPR experiments. This 
approach overcomes many limitations of CW EPR spectroscopy in resolving individual contributions 
of magnetic nuclei interactions.
21
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At low temperature, the EPR signal of Ni13 was broadened by the superposition of different lines 
arising from unresolved g-tensor and hyperfine couplings (hfc) (Figure S3). The linewidth of 0.8 mT 
is of the same order as that obtained in field-sweep spectra (Figure S4). To obtain more information 
about the unresolved hyperfine interaction we recorded three-pulse Electron Spin Echo Envelope 
Modulation (ESEEM) spectra. The frequency spectra for  = 128 ns and 192 ns obtained by Fourier 
transformation of the time domain data are depicted in Figure S5 and primarily show features 
attributable to 
14
N and 
1
H. Decreasing the concentration of the sample to 4  10–4 M increases the 
resolution. The lower frequency peaks are thus split into four transitions at 1.22, 1.83, 2.26 and 2.74 
MHz (Figure S6). The shape of this spectrum suggests that the odd electron in Ni13 is coupled to 
more than one 
14
N nucleus. 
 
To gain additional information about the relations between the different nitrogen frequencies we 
recorded 2D-Hyperfine Sub-level Correlation (HYSCORE) spectra at 2  10–3 M. The non-diagonal 
cross-peaks in HYSCORE spectra correlate nuclear frequencies from the different electron spin 
manifolds belonging to the same nucleus.
22
 The spectra at different  (92, 128 ns) exhibit two sets of 
off-diagonal cross ridges in the (+,+) quadrant attributable to two different nuclei (Figure 4). These 
peaks could be assigned to transitions at the expected positions for the weak coupling condition 
defined as |A| < |2I|, where A is the hfc and I is the resonance frequency of the corresponding 
nucleus. One pair of features centred at 14.6 MHz with poorly extended ridges is attributed to protons 
attached to the porphyrin ring. The hfc can be estimated from the extremes of the cross feature shapes 
and a value of ~2.5 MHz is found (Table 1). At low frequency a pair of cross-peaks centred at 2 MHz 
was observed correlating with the 2.7 and 1.3 MHz frequencies measured in the three-pulse ESEEM. 
These features correlate the double-quantum transitions from opposite spin manifolds for a weakly 
coupled 
14
N nucleus. The hfc was estimated as ~2.5 MHz (Table 2). The situation was less 
straightforward for the (+,–) quadrant with a pattern characteristic of a strong coupling of a 14N 
nucleus (|A| > |2I|). Without 
15
N labelling experiments, estimation of the hfc was complicated by the 
presence of the anisotropic hfc and the quadrupole interaction (nqi). Another approach for analysing 
the data can be based on the spectral simulations. Starting from the principal values of the hfc and nqi 
tensors calculated by DFT (see below), only questionable results for the simulated spectra were 
obtained. This was not surprising because the simulations depend on many variable parameters. 
Finally, the hyperfine coupling strength was deduced from the ridge of the HYSCORE signal to be 
~10 MHz (Table 1). 
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The electronic absorption spectra of our samples of NiPorOHs, which are otherwise normal for Ni(II) 
di/triarylporphyrins, having intense Soret bands near 415 nm, and two Q bands near 530 and 570 nm, 
exhibit a broad, weak band near 800 nm, which varies in intensity from sample to sample. For 
example, for Ni10, the band peaks at 803 nm in dichloromethane (DCM) solution. As mentioned 
above when describing the basic hydrolysis of acetates such as Ni17, the hydroxyporphyrins exhibit a 
reversible colour change between basic and neutral solutions. Deprotonation of the OH group causes 
a marked change from bright red to green, corresponding to the appearance of bands at 614, 624, and 
626 nm for Ni12, Ni10, and Ni13, respectively (Supporting Information, Figure S7). In addition, the 
major Q band has two shoulders on the high-energy side. The Soret bands were also red-shifted, but 
by only ~5 nm. This colour change is a useful property of the compounds: when following the elution 
of the badly tailing very dilute hydroxyporphyrin bands during chromatography, a drop of eluate 
treated with NaOH/MeOH will turn green if it contains the target compound. A similar red-shift of 
the visible absorption bands was observed by Osuka and co-workers when their meso-
hydroxysubporphyrin was treated with excess base.
15
 
 
Oxidative coupling of NiDPPOH Ni12 to a quinonoid dyad 19 
 
During this work, we discovered a remarkably rapid oxidation of the 15-unsubstituted DPP complex 
Ni12 by 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ), which leads to a unique 10,10’-
dioxoporphodimethene dyad 19 (Scheme 4). This reaction was carried out only on very small scales 
due to the limited amounts of starting materials available, and the best yield was only 26% after 
chromatography. The dimer could be chromatographed on silica gel in chloroform without 
decomposition, but solutions deposited solids on standing, presumably due to self-aggregation or 
decomposition. For this reason, attempts to grow single crystals have so far been unrewarding, as 
only powders have been obtained. The monomeric dioxoporphyrin complex 20 was also present in 
small and variable amounts, and was isolated and characterised by its 
1
H NMR spectrum. This 
compound was reported by Chen and co-workers in 2009; they prepared it by iron(III) chloride 
oxidation of NiDPP.
23
 The free base dioxo DAP analogue was reported by Sugiura and co-workers, 
who isolated it as a significant side product in the oxidation of H2DAP with excess PhI(OAc)2 in 
propanoic acid.
14
 
 
The structure of 19 was assigned by the observation of the protonated molecular ion at 1065.1734 
(calculated 1065.1741) in the ESI mass spectrum, its unambiguous 
1
H NMR spectrum, and by 
comparison of its UV to near-IR (NIR) electronic absorption spectrum with that predicted by 
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calculations (see below). In the 
1
H NMR spectrum of 19, the  protons appear as two coupled pairs of 
doublets at 6.87, 6.46, 6.31 and 6.24 ppm, reflecting the absence of porphyrin macrocycle ring 
currents, as the protons of typical Ni(II) porphyrins resonate in the 8-10 ppm range. The lateral 
phenyl ring protons appear as an unresolved multiplet around 7.4 ppm. In the NOESY spectrum of 
dioxo monomer 20, there is a through-space correlation from the phenyl ortho protons to the  proton 
signal at lowest frequency (6.20 ppm). Thus the higher frequency doublet at 6.56 ppm represents the 
 protons next to the C=O in 20. In the spectra of dimer 19, there are COSY cross-peaks that indicate 
the pairs 6.87/6.31 and 6.46/6.24 represent neighbouring  protons. The 2D-NOESY results were 
unconvincing, even after many adjustments to the acquisition parameters, but 1D-NOE spectra 
(Supporting Information) clearly showed through-space correlations between the signals at 6.46 and 
6.31 and the phenyl protons. Thus the  protons next to the bridge double bond resonate at lowest 
frequency, while the  protons next to the C=O resonate at highest frequency, as expected from the 
results for 20. The electronic absorption spectrum of 19 also reflects the loss of macrocyclic 
aromaticity: the spectrum is compared with that of its precursor hydroxyporphyrin Ni12 in Figure 5. 
 
Because we have not been able to grow crystals of 19 suitable for X-ray analysis, we investigated 
possible geometries of the molecule by subjecting the structure (including phenyl groups) to DFT 
calculations of the geometry and molecular orbitals, and TD-DFT calculations of excited electronic 
states. The solvent DCM was also included in the calculations. This is important as we have shown 
that inclusion of the solvent in DFT and TD-DFT calculations on porphyrinoid structures markedly 
improves the agreement between predicted and experimental spectra.
17d,24
 Two initial geometries 
were explored: a so-called “twisted” arrangement in which the unfavourable inter-ring H–H contacts 
are relieved by rotation of the oxophlorin rings about the C=C bond; and a “parallel-stepped” 
arrangement in which the two macrocycles are more or less parallel but with the central carbon atoms 
displaced up and down to form a step between the two offset ring planes. Two twisted conformers 
and one parallel-stepped conformer were found, however the last was energetically favoured by ca. 
30 kJmol
–1
. The global minimum geometry is shown from four viewpoints in Figure 6. 
 
The frontier molecular orbitals (FMOs) calculated for the global minimum geometry are shown in 
Figure 7. The orbital eigenvalues are listed in Table S1, Supporting Information. To examine the 
redistribution of electrons due to a transition, the Electron Density Distribution Map (EDDM) is a 
useful graphical tool. In the case of 19, the EDDM for the lowest-energy transition that comprises 
94% HOMO-LUMO excitation (Figure 8), features to a large extent a displacement of electrons from 
the pyrrole ring carbons to the meso carbons and the nitrogens. The experimental and TD-DFT 
 11 
predicted electronic spectra are compared in Figure 9. The energies and orbital contributions of the 
lowest-energy excited states with non-zero oscillator strengths are listed in Table S2, Supporting 
Information. 
 
Discussion 
 
Preparation and properties of the hydroxyporphyrins 
 
The formation of the hydroxyporphyrins as side products of attempted hydrazination reactions of 
haloporphyrins, and the control experiments described above, point to the cesium carbonate acting as 
the source of the OH group. This could involve a carbonatopalladium(II) complex and an unobserved 
porphyrinylcarbonate intermediate, or generation of hydroxide via very small amounts of adventitious 
water and a hydroxopalladium pathway. Pd-catalysed hydroxylation of aryl halides was initially 
reported by Buchwald and co-workers,
25
 and the literature on this reaction was reviewed in 2011.
26
 
Sources of hydroxide reported are KOH, CsOH, or K3PO4, in concert with various Pd(II) or Pd(0) 
precursors, and a variety of bulky phosphine ligands. To our knowledge there is only one report of 
the use Cs2CO3 for Pd-catalysed hydroxylation.
27
 Although various aryloxy- and alkyloxyporphyrins 
have been prepared by Pd-catalysed substitutions on haloporphyrins,
28
 we are unaware of other 
attempts to use such reactions to prepare hydroxyporphyrins. 
 
Recently, we re-encountered Ni12 as a consistent by-product of attempted amination reactions of 
NiDPPBr Ni14 using more exotic amines such as 2,3-diazabicyclo[2.2.2]-oct-5-ene and 4,5-dimethyl-
1,2,3,6-tetrahydropyridazine, as part of another project.
29
 It seems that if a Pd-catalysed amination of 
a haloporphyrin is sluggish, then the Cs2CO3-induced hydroxylation will compete. In this recent 
work, we used DPEphos as the ancillary ligand, as it seems to work better for amination reactions. 
We tried this ligand for hydroxylations using KOH, but rac-BINAP was more successful. In 
summary, the hydroxylation reaction using either cesium carbonate or potassium hydroxide is a 
reliable method of preparing the hydroxyporphyrins in the nickel(II) series, but so far the free bases 
and zinc(II) products have not produced satisfactory results. 
 
Regarding the free base hydroxyporphyrins, Scheme 3 shows the four tautomers 15a-d available for 
“5-hydroxy-10,15,20-triphenylporphyrin”, ignoring those with adjacent NHs in the core (unlikely on 
energetic grounds).
30
 DFT studies of analogues without the phenyl groups indicated that the 10H-
isooxophlorin tautomer should be the least stable, with a stability order of a > d > b > c,
30
 but the 
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presence of three phenyl groups could modify this order. Smith and co-workers first reported a series 
of 10H-isooxophlorin 5,5’-linked dimers and tetramers in 1996, and in more detail in 1999; these 
were derived from octaalkylporphyrins prepared by cyclocondensations of pyrrolic precursors.
31
 In 
their compounds, the isolated protons on the tetrahedral carbons resonated in the range 5.30-5.41 
ppm. In our product, the presence of the phenyl group instead of a neighbouring porphyrin ring on the 
10-meso carbon, is presumably the reason why the proton signal appears lower in frequency at 3.12 
ppm. There is one other report claiming the identification of tautomer 15b as a side product of a 
mixed cyclocondensation of dipyrromethanes,
32
 but some of the published data are inconsistent with 
such a structure. We are confident from the 2D-NMR analysis, that our blue product is the unusual 
10H-isooxophlorin and not the 15H tautomer. The very narrow lines in the spectra of 15c are 
remarkable, as the 
1
H NMR spectrum of the free base DAP hydroxyporphyrin reported by Sugiura 
and co-workers was “severely broadened”,14 perhaps due to the hydroxyporphyrin/oxophlorin 
tautomeric equilibrium. 
 
The acetylation of our products Ni10 and Ni12 under conditions typical for esterification of phenolic 
OH groups is additional evidence that the samples that afford the very broad NMR signals are indeed 
the proposed meso-hydroxy species. The presence of the oxy radical in solution is also supported by 
the methyl radical trapping results, whereby the meso-methoxy derivative Ni18 was obtained. The 
other product isolated from this reaction with Ni10, which contained a DMSO-derived fragment, is 
not particularly unusual, as Ar–OS(O)CH3 products have been reported from the capture of nitroxide 
radicals in DMSO in the presence of hydrogen peroxide.
20
 From the accurate mass measurement of 
the molecular ion, our product possesses a third oxygen atom. In any case, the isolation of these two 
new porphyrin derivatives is additional evidence for the presence of the oxy radical NiTriPP–O. 
 
Formation and properties of the dioxoporphodimethene dyad 19 
 
The hydroxy derivatives of OEP have been recorded as being rather sensitive to aerial oxidation; this 
is particularly the case when the metal ion is coordinated by axial ligands, especially pyridine. Balch 
and co-workers studied these oxidations extensively for a range of central metal ions.
4c,f,j
 During our 
work with the current series of MPorOH complexes, we have not noticed any particular sensitivity to 
oxygen; indeed, we took no precautions to avoid exposure to air when chromatographing the 
compounds. As the compounds streak very badly on columns, the samples often spent hours in dilute 
solution in the presence of air, so changes due to aerial oxidation should have been revealed. A 
sample of crystals of Ni10 prepared in 2006 has retained its integrity. Despite this general stability to 
 13 
oxygen, when the DPP derivative Ni12 was treated briefly with the dehydrogenating oxidising agent 
DDQ, the novel dioxobis(porphodimethene) 19 was formed, along with dioxo monomer 20 and other 
very polar products that were not investigated. The dioxooctapyrrole structure of the ligand in 19 has 
not been reported previously, but it resembles that of the dizinc dyad 21 prepared by Anderson and 
co-workers.
33
 The latter was prepared by Takahashi coupling of dicyanomethide anion with a dizinc 
10,10’-dibromo-5,5’-directly linked bis(porphyrin), followed by oxidation. Our assignment of the 1H 
NMR signals of 19 differs from that of Anderson and co-workers for 21,
33a
 but only regarding the 
order of the chemical shifts of the protons next to the lateral aryl groups. The lowest frequency 
signals for both dimers are derived from the protons next to the bridging double bond, and the highest 
frequency ones to the protons flanking the terminal C=O/C=C groups respectively, for 19 and 21. In 
the case of 21, further oxidation by Sc(III) triflate and DDQ fused the inner  carbons to form a 
unique diporphyrinoid 22 joined by two single bonds and one double bond.
33b
 We could not achieve 
this fusion with 19. This is not surprising as these fusion reactions often take a different course with 
Ni(II) complexes, compared with those of Zn(II).
34
 
 
Our geometry optimisations using DFT calculations clearly favour the wave-like “stepped-offset” 
structure for 19 (Figure 6). The strongly ruffled shapes of the rings is normal for such deconjugated 
porphyrinoids, especially the Ni(II) complexes.
17a,b,d
 This structure resembles that found in the X-ray 
crystal structure for the dizinc(II) analogue 21py2, which showed a near-C2h geometry, the vertical 
displacement of the rings relieving the steric clash of the inner  hydrogens.33b On the other hand, 
molecular mechanics calculations (MM2 or MM3) predicted that the alternative twisted D2 geometry 
for 21 was favoured over the C2h one by 105 kJmol
–1
.
33a
 
 
In our previous DFT calculations on various diporphyrins linked by more-or-less conjugated bridges 
through meso carbons, it is obvious which of the frontier orbitals are derived from the “a1u” and “a2u” 
orbitals of the component monoporphyrins.
24
 (These symmetry labels are used for convenience only, 
as our monomers do not have D4h symmetry). The former type of MO has major coefficients on the 
pyrrole ring carbons. Conjugation between the porphyrin  orbitals via the orbitals of a meso-meso 
bridge relies on the a2u type, which features major coefficients on the meso carbons and N atoms. 
Referring to Figure 7, the loss of porphyrin aromaticity in 19 makes the monomer origins of the 
Frontier Molecular Orbitals (FMOs) less obvious, but the HOMO–1 lacks electron density on the 
C=O and inter-ring C=C bonds, the meso carbons and the N atoms. Thus it resembles a pair of non-
interacting a1u-like MOs. The other three FMOs have contributions from the C=O and C=C units, and 
from both types of porphyrinic MOs; all three are anti-bonding with respect to the C=O bonds. 
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Regarding the electronic absorption spectrum of 19, the splitting into two major bands of similar 
intensity, and the shift to the NIR of the lowest-energy band, are very typical of “dearomatised” 
porphyrinoids.
17
 The agreement between the TD-DFT calculations of excited states and the 
experimental spectrum shown in Figure 9 is remarkable, to say the least: predicted 785 nm, 
experimental 791 nm. Table S2, Supporting Information, shows that this transition is largely 
composed of the HOMO–LUMO transition. More subtly, a symmetry-forbidden transition (for the 
global minimum-energy structure) is calculated to lie at 897 nm, and the shoulder on the major NIR 
band in the experimental spectrum corresponds with this position. It appears that symmetry-breaking 
by molecular motion has revealed this transition in the experimental spectrum. Even in the higher-
energy region, the major transition is predicted at 468 nm, and the experimental band maximum is 
485 nm. Agreement of TD-DFT calculations with actual spectra for porphyrinoids is usually not very 
good in this part of the spectrum.
35
 We also calculated the electronic transition energies for the 
alternative twisted D2 conformer; there is no strong low-energy transition, further suggesting that 19 
largely adopts a parallel-stepped conformation. The spectrum of 19 closely resembles that of 
dizinc(II) dyad 21, whose major bands have maxima at 780 and 494 nm (in 1% pyridine in DCM).
33a
 
We have now demonstrated that DFT calculations at this level [6-31G(d,p)] are more than adequate at 
predicting the major transitions in the electronic spectra of a series of quite diverse 
metalloporphyrinoid structures: conjugated dizinc(II) diporphyrins with ethane, ethene, ethyne, imine 
and azo bridges,
24
 nickel(II) 5,15- and 5,10-dearomatised diiminoporphodimethenes,
17d
 and now the 
present dinuclear extended 5,15-dearomatised system. 
 
Dimerisation through carbons of free base octaalkyl-15-substituted-5-oxophlorins
31
 and the Ni(II) 
oxy radical [Ni(OEP–O)(py)2] Ni4(py)2
4j,k
 has been reported. The latter system more closely 
resembles ours, in that the product was the 5,5’-linked, 15,15’-dioxo dimer 23 (Scheme 4). In the 
OEP case, the spontaneous dehydrogenation to form the C=C bond is apparently prevented due to the 
extra steric clashes of the ethyl groups in the inter-ring region, although the authors did not report the 
results of more strenuous oxidation. In fact, the dimerisation to 23 is reversible, and dissolution in 
pyridine regenerates the oxy radical monomer.
4k
 Fuhrhop et al. also proposed dimerisation of the oxy 
radicals from ZnOEPOH and NiOEPOH as the explanation for the temperature-dependence of the 
EPR spectra, but they did not suggest structures for the proposed dimers.
12b
 This group also isolated 
an OEP-derived dimer linked directly in the 5,5’ positions by a saturated bridge between 10,20-dioxo 
units, and its dehydrogenation to the C=C-linked analogues, including free base, Zn(II) and Cu(II) 
complexes.
36
 Regarding the latter dimers, they argued for a 10-oxo-20-hydroxy tautomer in each ring. 
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Explanation of the magnetic resonance behaviour of Ni(II) meso-hydroxydi(tri)arylporphyrins 
 
With the above chemical and spectroscopic results at our disposal, it is appropriate to make some 
definitive proposals regarding the nature of these hydroxyporphyrins in solution. The most striking 
property of the Ni(II) hydroxyporphyrin complexes Ni10, Ni12, and Ni13 is their unusual NMR 
behaviour, which resembles that noted in the earliest research into hydroxyporphyrins.
11,12
 The 
spectra in the presence of hydrazine at room temperature look like those of “normal” diamagnetic 
meso-substituted NiPor–X derivatives, with some residual broadening (e.g. Figure 1a,b,c). As 
prepared in the absence of hydrazine at room temperature, the 5,10,15-triaryl examples show extreme 
broadening, while the signals for the DPP derivative Ni12 are sharper. The spectra of these 
compounds vary somewhat from sample to sample, for undetermined reasons, as noted by others 
many years ago for OEP examples.
12
 Significantly, although they are extremely broad, the signals 
that are observed still appear in the same chemical shift region as those of aryl protons in regular 
diamagnetic TriPP and DAPP complexes. Lucas and co-workers reported recently that even in the 
presence of hydrazine or borohydride, they could not observe a good NMR spectrum for the similar 
Ni(II) complex of 5-hydroxy-15-phenyl-10,20-bis(p-tolyl)porphyrin.
13
 Conversely, Osuka and co-
workers were able to use hydrazine to reduce their meso-hydroxysubporphyrin oxy radical and thus 
observe sharp NMR spectra.
15
 The presence of OH protons in solutions of Ni10, Ni12, and Ni13 (in 
the absence of hydrazine hydrate) is supported by observation of a signal near 7 ppm (and its 
exchange with D2O as demonstrated for Ni12). The NH2 signal for the amino analogue of Ni10, 
namely Ni9, resonates at 5.77 ppm, so a chemical shift of ca. 7 ppm for the hydroxy proton in NiPor-
OH seems quite reasonable. 
 
We conclude that the data indicate that the solution NMR spectra of the three NiPorOH examples 
reflect a rather unusual situation in organic systems of chemical exchange between NiPorOH and its 
respective oxy radical (Scheme 5). Significantly, the spectrum of Ni12, which lacks the 15-phenyl 
substituent, is much sharper than those of Ni10 and Ni13. This aligns with the EPR results, which 
show a very low concentration of the radical for Ni12. The critical observation for Ni12 is that the 
linewidths of the -pyrrole signals differ for the different locations around the ring. Hence the 
temperature at which the signals sharpen to reveal typical -proton doublets is characteristic of each 
pair of protons. This is clearly demonstrated in Figure 2 and the full set of spectra in the Supporting 
Information. The sharpest signals are those for the 10,20-phenyl ring protons, as these are farthest 
from the porphyrin core and the unpaired spin of the radical, and the broadest is for the meso proton. 
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The widths at half-height of the five sets of signals for the equivalent proton positions around the 
periphery (meso; 2,8; 3,7; 12,18; 13,17), are plotted against temperature in Figure 10. 
 
To gain further insight into the electronic structures of the NiPor–O radicals and to assign the 
HYSCORE EPR signals, we performed DFT calculations on Ni13, and also on Ni10 and Ni12 
radicals for comparison. The various structures were optimised without symmetry constraint and the 
EPR parameters were calculated on a single point of the optimised geometries. The spin population 
distributions and Singly Occupied Molecular Orbitals (SOMOs) for the three radicals are depicted in 
Figures 11 and 12 for Ni13 and Ni12, respectively, and in Figure S8 for Ni10. Very similar SOMOs 
are found for the three radicals. They are -type in character and antibonding between the oxygen 
atom and adjacent carbons. The unpaired electron is strongly apparent on the oxygen atom but is 
nevertheless partially delocalised onto the porphyrin ring. The three radicals also possess fairly 
similar spin distributions. For Ni13, most of the spin density is located on the oxygen (0.20) and the 
opposite meso-carbon C15 (0.26) atoms (Scheme 6) and on the close carbons C4 (0.12), C6 (0.11), C10 
(0.13), C20 (0.14). A negative spin density is computed on carbons C3 (-0.039), C5 (-0.03), C7 (-0.043), 
C14 (-0.089), C16 (-0.080) atoms, being induced by spin polarisation. A negligible spin density is 
calculated on the four nitrogen atoms, being more important on N3 and N4 atoms than on N1 and N2 
(0.015 vs 0.09). The calculated values of the hfc are depicted in Tables 1 and 2. These reflect the spin 
density distributions displayed in Figures 11, 12 and S8, and they are very similar for the three 
complexes. Note that for Ni12 the C15 atom shows a positive spin density (0.17), which induces a 
negative spin density by spin polarisation mechanism on H15 and consequently a negative Aiso 
coupling of –15.9 MHz. 
 
The analysis of the pulse EPR experiments reveals two sets of nitrogen atoms, one weakly coupled 
and one strongly coupled. These are not directly observed in the CW EPR spectrum. From DFT 
calculations, the first set of nitrogen atoms has a significantly larger hyperfine interaction and is 
attributed to N3 and N4 atoms. The second set of nitrogen has a smaller hfc and is attributed to N1 and 
N2. The computed hfc values listed in Table 1 agree with the trends in the experimental data. 
 
By comparing the NMR linewidths of the different sets of proton signals for Ni12 with the calculated 
spin population distribution in Figure 12 (and by extension the hfc values in Table 2), it is clear that 
the linewidths reflect the extent of delocalisation of the unpaired spin around the ring. The larger 
lobes in Figure 12, representing higher spin density on the peripheral carbons, correspond with the 
proton positions (meso; 2,8; 13,17) that exhibit broader lines. Lower populations correspond with the 
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narrower signals for protons 3,7 and 12,18. Therefore we can deduce for NiDPP–O, at least semi-
quantitatively, the extent of delocalisation of the oxy radical electron into the porphyrin π-system, 
from the linewidths of the NMR signals of the respective attached protons. 
 
This pleasing result is a consequence of the particular (in)stability of the radical in the DPP case. For 
the TriPP and DAPP cases, for which the solutions contain much higher proportions of the radicals, 
the NMR spectra are too broad, and remain broad even at the lowest temperatures we could access. It 
is fortuitous that the chemical shifts of the protons in the NiDPP–O radical are not very different 
from those of its exchange partner Ni12; even for Ni10 and Ni13, those signals that are observed are 
still in the porphyrin proton region. The temperature dependence of the spectra of Ni12 stems almost 
entirely from the influence of short relaxation times for the protons in the radical, and not from 
chemical shift differences between the diamagnetic and paramagnetic partners. It is clear from the 
NMR and EPR results that the 15-phenyl groups in Ni10 and Ni13 profoundly affect the stability of 
the NiPor–O radical. 
 
Conclusions 
 
We have introduced viable methods for the preparation of meso-hydroxy derivatives of nickel(II) 
porphyrins with the 5,15-diaryl and 5,10,15-triaryl substitution pattern. The EPR results indicate that 
solutions of NiDPPOH Ni12 contain only ca. 1% radical, while those of Ni10 and Ni13 contain much 
higher concentrations of the corresponding radicals, and this is consistent with the NMR results. The 
relative stability of the radical is highly dependent on the presence of the phenyl substituent in the 
distal 15-meso position. Unknown environmental factors seem to affect the concentration of the 
radical in individual samples, leading to subtle differences in the appearance of the NMR spectra 
from sample to sample. The OH group can be derivatised by acetylation, the radical can be trapped 
by methyl radicals generated in situ from DMSO, and deprotonation by methoxide in DCM causes a 
characteristic and reversible change of colour from red to green. The EPR signals for our examples 
are consistent with somewhat delocalised porphyrinyloxy radicals, and the calculated spin 
distributions agree with the EPR and NMR spectroscopic observations. The strong effect of the 15-
substituent in our systems suggests a viable strategy for further tailoring the position of the 
equilibrium in Scheme 5, as the synthetic methods developed by Senge allow the introduction of a 
wide variety of substituents in this position.
37
 In addition, the preparation of 19 may afford new 
chemistry around its coupling to form longer deconjugated oligomers with red-shift absorption bands. 
We look forward to further developments of the chemistry of these hydroxyporphyrins. 
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Experimental 
 
General 
Solvents were Analytical Reagent grade, unless otherwise stated. Tetrahydrofuran (THF) was 
distilled under argon from sodium wire and benzophenone, and pyridine was stored over KOH. 
Analytical thin-layer chromatography (TLC) was performed on Merck Silica Gel 60 F254 TLC plates. 
Preparative column chromatography was performed on Merck 63 μm 230-400 mesh silica gel. 
Starting porphyrins, bromoporphyrins, and their Ni(II) and Zn(II) complexes were available from 
previous work in our laboratory.
38
 
1
H and 
13
C NMR experiments were carried out on an Avance 
Bruker 400 spectrometer from Bruker-Biospin, Germany at 400 MHz for hydrogen, using a QNP 5 
mm probe, or a Varian DirectDrive spectrometer operating at 400 MHz for hydrogen made by 
Agilent, USA, using an AutoX ID PFG 5 mm probe. The 1D-NOESY data were recorded on a Bruker 
Avance IIIHD operating at 600 MHz for hydrogen. Samples were prepared in CDCl3 unless otherwise 
stated. Coupling constants are given in Hz. The chemical shifts are reported in ppm referenced 
against the residual chloroform (CHCl3) peak at 7.28 ppm for 
1
H and 77.0 ppm for 
13
C. Some 
accurate mass Electrospray Ionisation (ESI) mass spectra were recorded at QUT with a Kronos-
G6520B QTOF mass spectrometer using a flow rate of 0.4 mL/min and MeOH as eluent unless 
otherwise stated. Source temperature at 325°C and capillary voltage at 4.0 kV were employed. 
Solvent aspiration was accomplished by nitrogen gas flowing at 5 L/min. Some ESI spectra were also 
recorded at the School of Chemistry, Monash University, Melbourne. ESI measurements were 
performed using an Agilent 1100 Series LC attached to an Agilent G1969A LC-TOF system with 
reference mass correction using NaI clusters. An eluent of 50:50 DCM/MeOH with 0.1% formic acid 
was employed using a flow rate of 0.3 mL/min. Solvent aspiration was achieved by nitrogen gas 
flowing at 8 L/min. The source temperature was set to 350°C and the capillary voltage to 4.0 kV. LSI 
mass spectra were recorded at the Organic Mass Spectrometry Facility, University of Tasmania, 
Hobart. LSIMS measurements were collected using m-nitrobenzyl alcohol as proton donor and 
CsITEG mixture for external reference. The MALDI mass spectrum of Ni12 was also recorded at The 
University of Queensland, Brisbane. Analysis was performed with an Applied Biosystems Voyager-
DE STR BioSpectrometry workstation. The instrument was run in positive polarity in reflectron 
mode for analysis. Samples in toluene were spotted on a stainless steel sample plate with 2,5-
dihydroxybenzoic acid (10 mg/mL) in methanol as matrix and allowed to air-dry. Data from 100 laser 
shots (337 nm laser) were obtained, signal-averaged and processed with the instrument 
manufacturer’s Data Explorer software. IR spectra were collected using a Nicolet 5700 Attenuated 
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Total Reflectance Fourier Transform Infrared (ATR-FTIR) system equipped with a diamond internal 
reflection element. UV/visible spectra were recorded with Agilent Cary 60 instrument or Shimadzu 
UV spectrophotometer in DCM unless otherwise stated. 
 
EPR experiments were performed at The University of Strasbourg. CW EPR experiments were 
performed using an X-band (9-10 GHz) Bruker ESC106 spectrometer equipped with a standard 
rectangular cavity (TE 102). A Bruker Elexis E580 spectrometer operating at X-band (9-10 GHz) 
equipped with an Oxford instrument CF935 cryostat, an ITC4 temperature controller and a 1kW 
TWT amplifier was used for pulsed EPR measurements. The two-pulse field sweep ESE spectrum 
was recorded with a two-pulse sequence (/2–––echo) where the integrated echo was recorded 
as a function of the magnetic field. 1D-ESEEM data were acquired with a three-pulse sequence (/2–
–/2–T–––echo) with pulse lengths of 16 ns. The stimulated echo amplitude was recorded as 
function of T and  was kept constant. 2D-HYSCORE spectra were measured using a pulse sequence 
(/2––/2–t1––t2–/2––echo), with pulse lengths of 16 ns and 32 ns for /2 and  pulses 
respectively. The experiments were performed with two different delay  values (92 and 128 ns). 
Numerous unwanted pulse echoes were removed by a four-step phase cycling. The intensity of the 
echo was measured after the fourth pulse with variable t1 and t2, keeping constant. The collected 
ESEEM and HYSCORE data collected were Fourier transformed using the spectrum manipulation 
routines available within the Bruker program: subtraction of the relaxation decay, apodisation 
(Hamming window) and zero filling. ESEEM and HYSCORE spectra were recorded with the 
magnetic field corresponding to the maximum intensity of the radical signal in the two-pulse field 
sweep ESE spectrum. 
 
Spin quantification was performed according to a calibration curve obtained with TEMPO samples 
(2,2,6,6-tetramethylpiperidine-1-oxyl, Sigma-Aldrich). The concentrations for the standard solutions 
prepared in DCM were 6.5 mM, 0.2 mM, 0.02 mM, and 6.55  10–3 mM. The plot of the doubly 
integrated EPR signal of these TEMPO solutions vs the concentration was linear and was used to 
assess the spin concentration of Ni12 and Ni13 compounds. Sample solutions in quartz tubes were 
degassed by three freeze-and-thaw cycles and preserved under argon. 
 
Palladium-catalysed synthesis of meso-hydroxyporphyrins 
 
Hydroxyporphyrin nickel(II) complexes, using cesium carbonate as hydroxide surrogate 
 
 20 
5-Hydroxy-10,15,20-triphenylporphyrinatonickel(II) (Ni10). NiTriPPBr Ni8 (20.0 mg, 0.0297 
mmol), Pd(OAc)2 (0.5 mg, 0.002 mmol), rac-BINAP (3.7 mg, 0.0059 mmol), Cs2CO3 (68.7 mg, 
0.211 mmol) and dry THF (5 mL) were stirred for 4 d at 68°C. The product was then purified using 
column chromatography (DCM) to yield the desired red product Ni10, which was recrystallised from 
DCM/MeOH (14.4 mg, 79%). NiTriPPOH was identified by TLC comparison and by comparison of 
its 
1
H NMR spectrum (containing hydrazine hydrate) with that of the sample that had been previously 
characterised crystallographically from the attempted amination of NiTriPPBr using hydrazine.
18
 
1
H 
NMR (400 MHz, CDCl3 + hydrazine hydrate, 22°C) =9.44 (d, 
3
J(H,H)=4.5 Hz, 2H; -H), 8.72 (d, 
3
J(H,H)=4.5 Hz, 2H; -H), 8.68 (d, 3J(H,H)=4.9 Hz, 2H; -H), 8.63 (d, 3J(H,H)=4.9 Hz, 2H; -H), 
7.97-7.92 (m, 6H; phenyl-H), 7.67-7.62 ppm (m, 9H; phenyl-H); in the absence of hydrazine, the OH 
peak was observed at 6.9 ppm (br); UV/Vis (DCM): λmax (approx. ε)=416 (220 000), 529 (130000) 
and 569 nm (7 000 mol
–1
dm
3
cm
–1
) (some samples show a weak oxy radical band at 803 nm); HRMS 
(ESI
+
) m/z: calcd for [C38H23N4NiO]
+
: 609.1220 [M–H]+; found: 609.1217; calcd for 
C38H24N4NaNiO: 633.1196 [M+Na]
+
; found: 633.1188. 
 
5-Hydroxy-10,20-diphenylporphyrinatonickel(II) (Ni12). An oven-dried Schlenk tube was 
evacuated and refilled with argon 3 times before NiDPPBr Ni14 (23.9 mg, 0.0401 mmol), Cs2CO3 
(91.8 mg, 0.282 mmol), Pd(OAc)2 (6.3 mg, 0.0281 mmol) and DPEphos (17.3 mg, 0.032 mmol) were 
added. The combined solids were dried under high vacuum for 15 minutes before freshly distilled 
anhydrous THF (5 mL) was added. The reaction mixture was heated to 68 °C for 50 minutes under 
argon. Reaction progress was monitored by TLC using DCM:hexane (9:1). The crude reaction 
mixture was filtered through a funnel filled with cotton wool and the solvent was evaporated. The 
product was purified by column chromatography [DCM:hexane (9:1)] to yield a red fraction of Ni12 
(8.7 mg, 41%). Different solvent mixtures (DCM/pentane, EtOAc/pentane, CHCl3/pentane, 
DCM/hexane) were tried for recrystallisation but only insignificant amounts of compound were 
precipitated each time. Thus, the mother liquor was decanted and evaporated under vacuum and the 
residue was washed with pentane and dried under high vacuum to yield a red powder. This method 
can only be carried out when a relatively pure sample was obtained from the column 
chromatography, otherwise a second column was required to separate the contaminating NiDPP Ni5. 
1
H NMR (400 MHz, CDCl3, –50°C): =9.57 (s, 1H, meso-H), 9.29 (d, 
3
J(H,H)=4.9 Hz, 2H; -H), 
9.01 (d, 
3
J(H,H)=4.9 Hz, 2H; -H), 8.81 (d, 3J(H,H)=4.9 Hz, 2H; -H), 8.73 (d, 3J(H,H)=4.9 Hz, 2H; 
-H), 8.01-7.98 (m, 4H; phenyl-H); 7.74-7.70 (m, 6H; phenyl-H); 7.18 ppm (br s, 1H: OH); 1H NMR 
(400 MHz, CDCl3 + 1 drop of aq. N2H4, 22°C): =9.76 (br, 2H; β-H), 9.36 (br s, 1H; meso-H), 9.26 
(br, 2H; β-H), 9.11 (br, 2H; β-H), 9.04 (br, 2H; β-H), 8.01-7.98 (m, 4H; phenyl-H); 7.74-7.66 (m, 6H; 
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phenyl-H); UV/vis (DCM): max (approx. )=410 (195000), 523 (14600), 560 nm (7200 mol
–1
dm
3
cm
–
1
) (a weak band due to the oxy radical was also present at 792 nm); MS (MALDI
+
) m/z: calcd for 
C32H20N4NiO: 534.1 [M]
+
; found: 534.3. 
 
Hydroxyporphyrin nickel(II) complexes, using potassium hydroxide 
 
General procedure. A Schlenk flask equipped with a stirrer bar was evaporated and filled with 
argon. The bromoporphyrin derivative (1.0 eq), palladium acetate (7 mol%), BINAP (20 mol%), and 
KOH (10 eq, coarsely ground with mortar and pestle) were added to the reaction flask, which was 
evacuated and refilled with argon. Solvents (1,4-dioxane/water: 5/0.1 mL per 20 mg of 
bromoporphyrin) were added and the solution was deoxygenated by three freeze-pump-thaw cycles. 
The reaction vessel was sealed under argon, warmed to 100°C and stirred at this temperature until no 
further progress could be detected by TLC analysis (hexane:DCM 1:1 or 2:1). The reaction mixture 
was cooled to ambient temperature, quenched with H2O (15 mL per 20 mg of bromoporphyrin) and 
extracted with DCM (3 × 10 mL; addition of a small amount of NaCl was required to ensure a good 
phase separation). The combined organic extracts were washed with brine (20 mL), dried over 
Na2SO4 and evaporated under reduced pressure. The residue was purified by column chromatography 
(20–30 g of SiO2 per 20 mg of bromoporphyrin) and then recrystallised. 
 
5-Hydroxy-10,15,20-triphenylporphyrinatonickel(II) (Ni10). NiTriPPBr Ni8 (20.2 mg, 0.030 
mmol), palladium acetate (0.47 mg, 0.0021 mmol), BINAP (3.74 mg, 0.006 mmol) and KOH (117 
mg, 0.30 mmol) were reacted in 1,4-dioxane/H2O (5/0.1 mL) for 2 d. After aqueous work up, column 
chromatography (hexane:DCM 2:1, 1:1, 1:2, DCM) and recrystallisation, Ni10 (7.5 mg, 41%) was 
obtained as purple crystals. Additionally, 1.9 mg of debrominated starting material Ni6 (11%) was 
isolated. When the reaction was performed starting with 50.6 mg of NiTriPPBr, Ni10 (23.8 mg, 52%) 
was obtained. NMR data agree with those of the product described above. 
 
5-Hydroxy-10,20-diphenylporphyrinatonickel(II) (Ni12). NiDPPBr Ni14 (20.0 mg, 0.0334 mmol), 
palladium acetate (0.52 mg, 0.0023 mmol), BINAP (4.16 mg, 0.0668 mmol) and KOH (19 mg, 0.33 
mmol) were reacted in 1,4-dioxane/H2O (5/0.1 mL) for 2 d. After aqueous work up, column 
chromatography (hexane:DCM 2:1, 1:1, 1:2, DCM) and recrystallisation, Ni12 (9.6 mg, 54%) was 
obtained as a purple-red powder. Additionally, a small amount of debrominated starting material Ni5 
was isolated. Spectroscopic data agreed with those listed above. 
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5-Hydroxy-10,20-bis(3,5-di-tert-butylphenyl)-15-phenylporphyrinatonickel(II) (Ni13). 
NiDAPPBr (22.5 mg, 0.025 mmol), palladium acetate (0.39 mg, 0.0018 mmol), BINAP (3.11 mg, 
0.0055 mmol) and KOH (14.0 mg, 0.250 mmol) were reacted in 1,4-dioxane/H2O (5/0.1 mL) for 2 d. 
After aqueous work up, column chromatography (hexane:DCM 2:1, 1:1, 1:2) and recrystallisation, 
Ni13 (12.3 mg, 59%) was obtained as a red powder. Additionally, 0.9 mg of debrominated starting 
material Ni7 (4%) was isolated. When the reaction was performed starting with 33.4 mg of 
NiDAPPBr, product Ni13 (19.5 mg, 63%) was obtained. 
1
H NMR (400 MHz, CDCl3 + 1 drop of aq. 
N2H4, 22°C): =9.47 (br d, 2H; -H), 8.81 (br d, 2H; -H), 8.76 (br d, 2H; -H), 8.67 (br d, 2H; -H), 
7.96 (br m, 2H; 15-phenyl-o-H), 7.83 (br s, 4H; o-Ar-H), 7.70 (br s, 2H; p-Ar-H), 7.64 (br m, 3H; 15-
phenyl-m,p-H), 1.47 ppm (s, 18H; t-Bu); in the absence of hydrazine, the OH signal was observed at 
6.9 ppm (br); UV/vis (DCM): max (approx. )=415 (140000), 531 (11900), 570 nm (6700 mol
–
1
dm
3
cm
–1
) (a weak broad band was also present at 800 nm); MS (LSI
+
): m/z: calcd for C54H56N4NiO: 
834.4 [M]
+
; found: 834.4. 
 
Derivatisation of hydroxyporphyrin nickel(II) complexes 
 
5-Acetoxy-10,15,20-triphenylporphyrinatonickel(II) (Ni16). NiTriPPOH (Ni10, 5.0 mg, 0.0082 
mmol) was placed in a round-bottom flask, dried under vacuum and the flask was filled with argon. 
Pyridine (1.26 mL, 15.6 mmol) was added, which gave a green solution, followed by the addition of 
acetic anhydride (0.38 mL, 4.1 mmol). The resulting red solution was stirred at 75°C under argon for 
10 min. The solvent was removed under reduced pressure and the product was purified by column 
chromatography (DCM:hexane 1:1). The residue was recrystallised from DCM/MeOH to obtain red, 
cubic crystals of Ni16 (4.1 mg, 77%). 
1
H NMR (400 MHz, CDCl3, 22°C) =9.11 (d, 
3
J(H,H)=4.9 Hz, 
2H; β-H), 8.81 (d, 3J(H,H)=4.9 Hz, 2H; β-H), 8.71 (br s, 4H; β-H), 8.01-7.98 (m, 6H; phenyl-H), 
7.72-7.65 (m, 9H, phenyl-H), 2.87 ppm (s, 3H; CH3); IR (FT-ATR) νmax=1764 cm
–1
 (CO); UV/vis 
(DCM): λmax (ε)=412 (268000), 525 nm (19000 mol
–1
 dm
3
 cm
–1
); MS (LSI
+
): m/z: calcd for 
C40H26N4NiO2: 652.1 [M]
+
; found: 651.7. 
 
5-Acetoxy-10,20-diphenylporphyrinatonickel(II) (Ni17). NiDPPOH Ni12 (4.3 mg, 0.0080 mmol) 
was treated as above with pyridine (1.30 mL, 16.0
 
mmol) and acetic anhydride (0.40 mL, 4.2
 
mmol). 
The resulting red solution was stirred at 75°C under argon for 10 min. Reaction progress was 
monitored by TLC using DCM:hexane (9:1). Solvent was evaporated and the crude product was dried 
under high vacuum. The crude product was recrystallised from DCM/pentane to yield red crystals of 
Ni17 (1.1 mg, 24%) contaminated with a small amount of porphyrinoid impurity. 
1
H NMR (400 
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MHz, CDCl3, 20°C) =9.74 (s, 1H; meso-H), 9.13 (d, 
3
J(H,H)=4.8 Hz, 2H; β-H), 9.05 (d, 
3
J(H,H)=4.8 Hz, 2H; β-H), 8.83 (d, 3J(H,H)=4.8 Hz, 2H; β-H), 8.82 (d, 3J(H,H)=4.8 Hz, 2H; β-H); 
8.02-8.00 (m, 4H; phenyl-H), 7.73-7.67 (m, 6H; phenyl-H), 2.90 ppm (s, 3H; CH3); UV/vis (DCM): 
λmax (ε)=405 (125000), 519 (9700), 545 nm (2800 mol
–1
 dm
3
 cm
–1
); HRMS (ESI
+
 with formic acid): 
m/z: calcd for C34H23N4NiO2: 577.1169 [M+H]
+
; calcd for C34H22N4NaNiO2: 599.0988 [M+Na]
+
; 
found: 577.1160, 599.0988. 
 
Attempted synthesis of “hydroxyporphyrin” free bases using Pd catalysis: 5-oxo-10,15,20-
triphenyl-10H-isooxophlorin 15c. H2TriPPBr H28 (20.0 mg, 0.324 mmol), Pd(OAc)2 (0.5 mg, 0.002 
mmol), rac-BINAP (4.0 mg, 0.0065 mmol), Cs2CO3 (74.9 mg, 0.230 mmol) and dry THF (5 cm
3
) 
were stirred for 2 weeks at 68°C under argon. The crude product was separated by column 
chromatography (DCM then DCM:EtOAc 19:1) to yield the blue oxophlorin 15c (crude yield 2.8 mg, 
16%), which was recrystallised from DCM/pentane (1.1 mg, 6%). There were numerous other 
coloured bands, but no other product could be identified. 
1
H NMR (400 MHz, CD2Cl2, 22°C) 
δ=13.34 (bs, 1H; inner NH), 12.58 (bs, 1H; inner NH), 7.50-7.42 (m, 12H; phenyl-H), 7.36-7.30 (m, 
3H; phenyl-H), 7.19 (dd, 
3
J(H,H)=4.0 Hz, 
4
J(H,H)=2.6 Hz, 1H; β-H), 7.10 (d, 3J(H,H)=5.1 Hz, 1H; 
β-H), 7.09 (d, 3J(H,H)=4.6 Hz, 1H; β-H), 6.81 (d, J(H,H)=4.4 Hz, 1H; β-H), 6.75 (m, 1H; β-H), 6.59 
(dd, 
3
J(H,H)=4.0 Hz, 
4
J(H,H)=2.6 Hz, 1H; β-H), 6.22 (dd, 3J(H,H)=4.4 Hz, 4J(H,H)=2.4 Hz, 1H; β-
H), 6.09 (dd, 
3
J(H,H)=4.4 Hz, 
4
J(H,H)=2.4 Hz, 1H; β-H), 3.12 ppm (s, 1H; meso-H); UV/vis (DCM): 
λmax (rel. abs)=358 (3.0), 374 (3.1), 417 (1.6), 593 sh (1.0), 624 nm (1.1); HRMS (LSI
+
): m/z: calcd 
for C38H26N4O 554.2107 [M]
+
; found: 554.2105. 
 
Attempted formation of 5-hydroxy-10,15,20-triphenylporphyrinatozinc(II) Zn10. (a) ZnTriPPBr 
Zn8 (22.1 mg, 0.0325 mmol), Pd(OAc)2 (1.4 mg, 0.0062 mmol), KOH (19.1 mg, 0.34 mmol) and 
DPEphos (4.2 mg, 0.008.0 mmol) were added to a Schlenk tube that was then evacuated and filled 
with argon three times. 1,4-Dioxane (5 mL) and deionised water (0.1 mL) were added to the Schlenk 
tube. The solution was degassed by four freeze-pump-thaw cycles. The solution was stirred at 100°C 
for 48 hours and monitored by TLC. Once cooled to room temperature, the solution was diluted with 
water (5 mL) and extracted with DCM (3 × 25 mL). The combined organic phases were washed with 
saturated NaCl solution and dried over anhydrous Na2SO4. The solvents were evaporated under 
reduced pressure and the products were separated on a silica gel column (CHCl3:hexane 9:1, then 
CHCl3). Fractions were analysed by 
1
H NMR in CDCl3 and showed the target compound had not 
been produced. (b) ZnDPPBr Zn14 (20.0 mg, 0.033 mmol), palladium acetate (0.52 mg, 0.0023 
mmol), BINAP (4.11 mg, 0.0066 mmol) and KOH (18.5 mg, 0.330 mmol) were reacted in 1,4-
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dioxane/H2O (5 mL/0.1 mL) for 2 d. After aqueous work up, column chromatography (hexane:EtOAc 
2:1, 1:1, 1:2, 1:5) yielded four fractions. Fraction 1 (least polar) comprised 0.9 mg starting material 
Zn14. Fraction 2 (pink) comprised less than 2 mg of an unknown ZnDPP derivative. 
1
H-NMR (400 
MHz, CDCl3, 22°C): =10.27 (s, 1H; meso-H), 9.77 (br s, 2H; β-H), 9.41 (d, 
3
J(H,H)=4.5 Hz, 2H; β-
H), 9.08 (d, 
3
J(H,H)=4.5 Hz, 2H; β-H), 9.04 (d, 3J(H,H)=4.5 Hz, 2H; β-H), 8.24 (d, 3J(H,H)=7.0 Hz, 
2H; phenyl-H), 7.75–7.87 (m, 7H; phenyl-H). Mass spectrometric analysis of the product (LSI+) gave 
an inconclusive spectrum. Fraction 3 (blue), 2.4 mg, gave 
1
H NMR spectra that indicated a mixture of 
ZnDPP, Zn(II) 5,15-dioxoDPP and another porphyrinic compound whose signals remained broad, in 
either d6-acetone or CDCl3, with or without addition of hydrazine, and with or without addition of d5-
pyridine. Mass spectrometric analysis of this fraction (LSI
+
) indicated the possible presence of 
ZnDPPOH Zn12, m/z = 541 [M+H
+
]. Fraction 4 (most polar fraction, dark green, recrystallised) 
amounted to 5.6 mg, but likewise gave very broad NMR spectra under all conditions tried. MS 
analysis of the product (LSI
+
) gave an inconclusive spectrum. 
 
Radical trapping using Fenton chemistry 
 
NiTriPPOH Ni10 (6 mg, 0.01 mmol) and FeSO4.7H2O (3 mg) were dissolved in DMSO (1.5 mL), 
30% H2O2 (2 L) was added and the mixture was stirred under air overnight. The solution was added 
to NaOH solution (1M, 5 mL), extracted with DCM, washed with water, dried over anhydrous 
Na2SO4, and subjected to column chromatography (DCM). The first red fraction was 5-
methoxyNiTriPP Ni18. 
1
H NMR (400 MHz, CDCl3, 22°C) =9.41 (d, 
3
J(H,H)=4.8, 2H; β-H), 8.80 
(d, 
3
J(H,H)=4.8, 2H; β-H), 8.72 (d, 3J(H,H)=5.2 Hz, 2H; β-H), 8.69 (d, 3J(H,H)=5.2 Hz, 2H; β-H), 
8.03-7.99 (m, 4H; phenyl-H), 7.73-7.67 (m, 6H; phenyl-H), 4.61 ppm (s, 3H; OCH3); HRMS (ESI
+
): 
m/z: calcd for C39H27N4NiO: 625.1533 [M+H]
+
; found: 625.1548. The second red fraction gave a 
high resolution mass spectrum fitting the molecular formula C39H26N4NiO3S; its 
1
H NMR spectrum 
could fit either NiTriPP–OS(O)OCH3 or NiTriPP–OS(O)2CH3. 
1
H NMR (400 MHz, CDCl3, 22°C) 
=9.40 (d, 3J(H,H)=5.0 Hz, 2H; β-H), 8.88 (d, 3J(H,H)=5.0 Hz, 2H; β-H), 8.74 (d, 3J(H,H)=5.2 Hz, 
2H; β-H), 8.72 (d, 3J(H,H)=5.2 Hz, 2H; β-H); 8.01-7.89 (m, 4H; phenyl-H), 7.76-7.66 (m, 6H; 
phenyl-H), 3.27 ppm (s, 3H; CH3); HRMS (ESI
+
): m/z: calcd for C39H27N4NiO3S: 689.1152 [M+H]
+
; 
found: 689.1195. 
 
Oxidative coupling of NiDPPOH Ni12 to dioxo dyad 19 
 
5,15-Dioxo-10,20-diphenylporphyrinatonickel(II) (20) and 15,15’-dioxo-5-[(10,20-
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diphenylporphyrinatonickel(II)-5’-ylidene]-10,20-diphenylporphyrinatonickel(II) (19). 
NiDPPOH 12 (4.2 mg, 0.078 mmol) was dissolved in DCM (1.3 mL) in a round-bottom flask. DDQ 
(13.2 mg, 0.0582 mmol) was dissolved in DCM (5 mL). An aliquot of this solution (0.67 mL) was 
added and the mixture immediately turned brown. The reaction mixture was stirred at room 
temperature for 30 min. The solvent was evaporated and the crude product was purified by column 
chromatography (EtOAc:DCM 1:9) to yield two main fractions. The first was the greenish brown 
dioxoporphyrin 20 (ca. 0.5 mg, 12%). 
1
H NMR (400 MHz, CDCl3, 20°C) =7.50-7.43 (m, 6H; 
phenyl-H), 7.35-7.33 (m, 4H; phenyl-H); 6.56 (d, 
3
J(H,H)=4.6 Hz, 4H; β-H), 6.20 ppm (d, 
3
J(H,H)=4.6 Hz, 4H; β-H). The data are similar to those previously reported by Chen and co-
workers.
23
 The second fraction yielded the brown dimer 19 (2.2 mg, 26%), which was recrystallised 
from DCM/pentane to yield a brown powder. 
1
H NMR (400 MHz, CDCl3, 20°C) =7.48-7.40 (m, 
20H; phenyl-H); 6.85 (d, 
3
J(H,H)=4.4 Hz, 4H; β-H); 6.44 (d, 3J(H,H)=4.6 Hz, 4H; β-H); 6.29 (d, 
3
J(H,H)=4.4 Hz, 4H; β-H); 6.22 (d, 3J(H,H)=4.6 Hz, 4H; β-H); IR (FT-ATR) νmax=1764 cm
–1
 (CO); 
UV/vis (DCM): max ()=421 (35200), 485 (49500), 791 nm (39300 mol
–1
 dm
3
 cm
–1
); HRMS (ESI
+
): 
m/z: calcd for C64H37N8Ni2O2: 1065.1741 [M+H]
+
; found:1065.1734. 
 
Computational methods 
 
DFT calculations on structure 19 were performed using the Gaussian 09 suite of programs.
39
 
Geometry optimisations were performed using the Becke 3-parameter-Lee-Yang-Parr (B3LYP) 
hybrid functional
40
 at the 6-31G(d,p) level. Solvent effects were modelled using the Integral Equation 
Formalism variant of the Polarizable Continuum Method (IEFPCM) using the default parameters of 
the appropriate solvent.
41
 Electronic transitions were simulated using TD-DFT
42
 also at the 6-
31G(d,p) level. MOs were displayed using an isovalue of 0.02 electrons/Å
3
. Electron density 
difference maps for the HOMO to LUMO transition were constructed with the aid of the Gausssum 
program
43
 and displayed using an isovalue of 0.0004 electrons/Å
3
. DFT calculations on radical 
species were also performed using Gaussian 09 with B3LYP hybrid functional and a 6-311+G(d,p) 
basis set. Geometry optimisations were calculated without symmetry constraint. In all cases, spin 
contamination was negligible. EPR properties were calculated with a single point on the optimised 
geometries with the same basis set. The obtained wavefunctions were analysed with the DGRID 
package to compute maps of spin density.
44 
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Figure Captions 
 
Figure 1. The porphyrin region of the 
1
H NMR spectra of NiTriPPOH (Ni10) in CDCl3 solution (the 
sharp peak on the right is the higher-frequency 
13
C satellite of the residual CHCl3 solvent signal; this 
narrow line is an indicator that the shimming of the magnet is satisfactory): a) at 295K, no additives; 
b) at 295K after treatment with hydrazine hydrate; c) with hydrazine, 313K; d) at 295K after repeated 
washing with water to remove hydrazine; e) as for a), at 218K; f) as for a), at 328K; g) the OH signal 
at 295K; h) the OH signal at 328K [for g) and h), the peak on the left is the lower-frequency 
13
C 
satellite of the CHCl3 signal]. 
 
Figure 2. The porphyrin region of the 
1
H NMR spectrum of NiDPPOH Ni12 in CDCl3: from top to 
bottom, at 288K, at 248K, 228K (with peripheral proton positions labelled); at 293K, after treatment 
with hydrazine hydrate. Some minor diamagnetic porphyrin impurities are present (see text). 
 
Figure 3. Expansion of the -proton region of the 1H NMR spectrum of 15c in CD2Cl2, and the 
assignments (centre) and COSY (left) and NOESY (right) correlations from which they were 
deduced. 
 
Figure 4. 2D-HYSCORE spectrum of Ni13 (2 × 10
–3
 M, 80 K, = 92 ns). 
 
Figure 5. Comparison of electronic absorption spectra (in DCM) of NiDPPOH Ni12 (solid line) and 
Ni2 dioxo dyad 19 (dashed line). 
 
Figure 6. Views of the optimised geometry of Ni2 dioxo dyad 19, calculated by DFT, in DCM 
solution, with hydrogen atoms omitted for clarity. 
 
Figure 7. The four frontier molecular orbitals calculated by DFT for the optimised geometry of Ni2 
dioxo dyad 19: a) LUMO+1; b) LUMO; c) HOMO; d) HOMO–1. 
 
Figure 8. The Electron Density Difference Map for the lowest-energy electronic transition 
(comprising 94% HOMO-LUMO) for the DFT-optimised geometry of Ni2 dioxo dyad 19 (blue = 
electron-poor region after transition; orange = electron-rich region after transition). 
 
Figure 9. Comparison of experimental (solid trace) and TD-DFT calculated (vertical bars and open 
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circles) electronic spectra of Ni2 dioxo dyad 19; both in DCM solution. Transitions calculated to have 
zero oscillator strength for the optimised geometry are shown coincident with the x-axis. 
 
Figure 10. Plot of temperature dependence of widths at half-height of proton signals in the NMR 
spectra of NiDPPOH Ni12 in CDCl3. (The highest temperature shown for each position reflects the 
first value for which a reliable measurement could be made; the accuracy of the highest temperature 
value for the 12,18 protons is low due to overlap with other signals). 
 
Figure 11. a) Singly Occupied Molecular Orbital (SOMO) and b) spin population distribution 
calculated at the B3LYP/6-311+G(d,p) level for NiDAPP–O Ni13 (hydrogens omitted for clarity). 
 
Figure 12. a) Singly Occupied Molecular Orbital (SOMO) and b) spin population distribution 
calculated at the B3LYP/6-311+G(d,p) level for NiDPP–O Ni12 (hydrogens omitted for clarity). 
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Tables 
 
Table 1. Experimental and calculated hyperfine coupling constants (MHz) of nitrogen atoms for the 
oxy radical derived from Ni13. 
 
 
 
 
 
 
 
Table 2. Calculated isotropic hyperfine coupling constants (MHz) for NiPor–O radicals derived from 
the corresponding hydroxyporphyrins. 
 
Compound H2 H3 H7 H8 H12 H13 H15 H17 H18 
Ni10 -4.90 1.96 1.89 -5.05 2.42 -2.56 - -2.33 2.31 
Ni12 -5.0 1.91 1.90 -5.0 2.48 -2.49 -15.9 -2.48 2.48 
Ni13 -4.78 2.22 1.81 -5.1 2.48 -2.70 - -2.22 2.34 
 
  
 14N1,
14N2 
14N3,
14N4
 
 A1 A2 A3 Aiso A1 A2 A3 Aiso 
Exp. - - 2.5 - - - 10 - 
DFT -0.25 -0.15 2.17 0.6 1.32 1.44 10.7 4.5 
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Schemes 
 
Scheme 1. meso-Hydroxyporphyrin, its oxophlorin tautomer, meso-hydroxyMOEPs and their oxy 
radicals. 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2. Structures of relevant -unsubstituted metalloporphyrins. 
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Scheme 3. meso-Hydroxy-10,15,20-triphenylporphyrin and its oxophlorin and isooxophlorin 
tautomers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 4. Dioxoporphodimethene monomer and dyad, and dicyanomethylene analogues. 
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Scheme 6. Labelling of porphyrin atom positions on the oxy radicals from Ni10, Ni12 and Ni13. 
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Figure 1. The porphyrin region of the 
1
H NMR spectra of NiTriPPOH (Ni10) in CDCl3 solution (the 
sharp peak on the right is the higher-frequency 
13
C satellite of the residual CHCl3 solvent signal; this 
narrow line is an indicator that the shimming of the magnet is satisfactory): a) at 295K, no additives; 
b) at 295K after treatment with hydrazine hydrate; c) with hydrazine, 313K; d) at 295K after repeated 
washing with water to remove hydrazine; e) as for a), at 218K; f) as for a), at 328K; g) the OH signal 
at 295K; h) the OH signal at 328K [for g) and h), the peak on the left is the lower-frequency 
13
C 
satellite of the CHCl3 signal]. 
a)       e) 
 
 
 
 
 
 
b)       f) 
 
 
 
 
 
 
c)       g) 
 
 
 
 
 
 
d)       h) 
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Figure 2. The porphyrin region of the 
1
H NMR spectrum of NiDPPOH Ni12 in CDCl3: from top to 
bottom, at 288K, at 248K, 228K (with peripheral proton positions labelled); at 293K, after treatment 
with hydrazine hydrate. Some minor diamagnetic porphyrin impurities are present (see text). 
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Figure 3. Expansion of the -proton region of the 1H NMR spectrum of 15c in CD2Cl2, and the 
assignments (centre) and COSY (left) and NOESY (right) correlations from which they were 
deduced. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 39 
Figure 4. 2D-HYSCORE spectrum of Ni13 (2 × 10
-3
 M, 80 K, = 92 ns). 
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Figure 5. Comparison of electronic absorption spectra (in DCM) of NiDPPOH Ni12 (solid line) and 
Ni2 dioxo dyad 19 (dashed line). 
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Figure 6. Views of the optimised geometry of Ni2 dioxo dyad 19, calculated by DFT, in DCM 
solution, with hydrogen atoms omitted for clarity. 
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Figure 7. The four frontier molecular orbitals calculated by DFT for the optimised geometry of Ni2 
dioxo dyad 19: a) LUMO+1; b) LUMO; c) HOMO; d) HOMO–1. 
 
a)       b) 
 
 
 
 
 
 
 
 
 
 
c)       d) 
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Figure 8. The Electron Density Difference Map for the lowest-energy electronic transition 
(comprising 94% HOMO-LUMO) for the DFT-optimised geometry of Ni2 dioxo dyad 19 (blue = 
electron-poor region after transition; orange = electron-rich region after transition). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Comparison of experimental (solid trace) and TD-DFT calculated (vertical bars and open 
circles) electronic spectra of Ni2 dioxo dyad 19; both in DCM solution. Transitions calculated to have 
zero oscillator strength for the optimised geometry are shown coincident with the x-axis. 
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Figure 10. Plot of temperature dependence of widths at half-height of proton signals in the NMR 
spectra of NiDPPOH Ni12 in CDCl3. (The highest temperature shown for each position reflects the 
first value for which a reliable measurement could be made; the accuracy of the highest temperature 
value for the 12,18 protons is low due to overlap with other signals). 
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Figure 11. a) Singly Occupied Molecular Orbital (SOMO) and b) spin population distribution 
calculated at the B3LYP/6-311+G(d,p) level for NiDAPP–O Ni13 (hydrogens omitted for clarity). 
 
a)       b) 
 
 
 
 
 
 
 
 
 
Figure 12. a) Singly Occupied Molecular Orbital (SOMO) and b) spin population distribution 
calculated at the B3LYP/6-311+G(d,p) level for NiDPP–O Ni12 (hydrogens omitted for clarity). 
 
a)       b) 
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Graphical abstract 
 
Radically different porphyrins: 
 
Ni(II) complexes of meso-hydroxy-15-phenyl-10,20-diarylporphyrins, prepared by palladium-
catalysed hydroxylation, exist in solution in equilibrium with the corresponding oxy radicals, as 
shown by EPR spectra and the effects of addition of hydrazine on the NMR spectra (see figure, lower 
trace). The analogous radicals without the 15-phenyl substituent are much less stable. The spin 
distributions have been modelled well by DFT calculations. 
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